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ABSTRACT
We present an X-ray imaging and spectroscopic study of the molecular cloud interacting mixed-
morphology (MM) supernova remnant (SNR) G346.6–0.2 using XMM-Newton. The X-ray spectrum
of the remnant is well described by a recombining plasma that most likely arises from adiabatic
cooling, and has sub-solar abundances of Mg, Si, and S. Our fits also suggest the presence of either an
additional power-law component with a photon index of ∼2, or an additional thermal component with
a temperature of ∼2.0 keV. We investigate the possible origin of this component and suggest that it
could arise from either the Galactic ridge X-ray emission, an unidentified pulsar wind nebula or X-
ray synchrotron emission from high-energy particles accelerated at the shock. However, deeper, high
resolution observations of this object are needed to shed light on the presence and origin of this feature.
Based on its morphology, its Galactic latitude, the density of the surrounding environment and its
association with a dense molecular cloud, G346.6–0.2 most likely arises from a massive progenitor
that underwent core-collapse.
Keywords: ISM: individual (G346.6–0.2) — ISM supernova remnants — X-rays: ISM
1. INTRODUCTION
Supernova remnants (SNRs) are structures that result
from the explosive end of massive stars. The energy from
the supernova explosion is partially converted into kinetic
energy and is dissipated in collisionless shocks that heat
the stellar ejecta and swept-up interstellar medium (ISM)
to X-ray emitting temperatures. Apart from sweeping up
and heating material, the shock-front of SNRs are sites
where relativistic particles can be efficiently accelerated
to energies up to 1015 eV (i.e., the “knee” of the Cosmic-
ray spectrum) (Olive & Particle Data Group 2014). Non-
thermal X-ray emission arising from shock-accelerated
particles has been detected in a handful of SNRs (∼ 14
out of 294 known Galactic SNRs). This emission is found
to originate predominantly from the shell of the remnant
(e.g., SN1006: Koyama et al. 1995; RX J1713.7−3946:
Koyama et al. 1997; Slane et al. 1999; and Vela Jr.: As-
chenbach 1998; Slane et al. 2001), or in thin filaments
at the edges of young SNRs (e.g., Tycho: Hwang et al.
2002; Warren et al. 2005; and Kepler: Cassam-Chena¨ı
et al. 2004a), and detection of this emission provides di-
rect evidence for electrons being accelerated to TeV en-
ergies. While the non-thermal X-rays in the above rem-
nants are confined to narrow regions close to the shock
front, this does not seem to be the case for somewhat
older and physically much larger SNRs like RCW 86, Vela
Jr., and RX J1713.7-3946, in which the emission regions
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are broader and located behind the shock (Bamba et al.
2000; Slane et al. 2001; Cassam-Chena¨ı et al. 2004b). A
number of these synchrotron X-ray emitting SNRs such
as RCW 86 and Tycho also emit noticeable thermal X-
ray emission from both ejecta and shocked circumstellar
material that surround the non-thermal X-ray filaments.
All non-thermal emitting SNRs detected so far are clas-
sified as shell-like, and none of these remnants are known
to be interacting with nearby molecular clouds through
the detection of 1720 MHz OH maser(s) (Claussen et al.
1999)8. On the other hand, a large fraction of X-ray
emitting SNRs are known to be interacting with molecu-
lar clouds and are classified as mixed morphology (MM)
SNRs (Rho & Petre 1998). Unlike shell-type SNRs whose
X-ray emission traces a shell, MM SNRs have a centrally
peaked X-ray morphology that arises from a collisionally
heated plasma located in the interior of the radio shell,
while often showing enhanced elemental abundances, and
isothermal temperatures (e.g., Lazendic & Slane 2006).
The morphology and X-ray properties of these rem-
nants are unexpected if one assumes standard SNR evo-
lution models (e.g., Chevalier 1977; Truelove & McKee
1999, 2000), and the evolutionary process which lead to
these characteristics are not well understood. There are
two main models which attempt to explain the proper-
ties of MM SNRs. The first one is the thermal conduc-
tion model in which heat and material are transported
to the centre of the remnant via the Coulomb collisions
between electrons and ions inside the hot plasma, result-
ing in the centrally-filled emission and isothermal tem-
peratures (Cui & Cox 1992; Cox et al. 1999). The sec-
8 Even though there are a number of methods (see Slane et al.
2015 for more details) used to infer the presence of SNR/MC
interaction, the detection of an OH maser is a “smoking gun”
signal, since they can only be formed in conditions related to a
shock/molecular cloud interaction. A handful of these non-thermal
SNRs such as RX J1713.7−3946 (Slane et al. 1999; Butt et al. 2001)
show evidence of shock interaction in the form of other molecular
line features, however none of these sources so far show evidence
of an OH maser.
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2ond one invokes the evaporation of clumps of material
that are sufficiently small and dense to not be destroyed
by or disrupted by the the shock itself (White & Long
1991). Some MM SNRs also show evidence of overioni-
sation which results from the rapid cooling of electrons,
and manifests itself in the form of recombination edges
(e.g., Kawasaki et al. 2005; Ozawa et al. 2009; Lopez et al.
2013). This rapid cooling can occur either by adiabatic
expansion (e.g., Itoh & Masai 1989), thermal conduction
(Kawasaki et al. 2002) or the interaction with dense cav-
ity walls or molecular clouds (Dwarkadas 2005).
Here we present an analysis of a molecular cloud inter-
acting MM SNR G346.6–0.2 which shows evidence of a
hard X-ray tail component.
G346.6–0.2 was first discovered and classified as a shell-
type SNR in the 480 MHz and 5 GHz radio bands (Clark
et al. 1975) using the the Molonglo Observatory Synthe-
sis Telescope (MOST) and the Parkes 64-m radio tele-
scope. The shell-like morphology of the remnant was
confirmed using the Very Large Array (VLA) and MOST
at 1465 MHz and at 843 MHz, respectively (Dubner et al.
1993; Whiteoak & Green 1996). It has an angular diam-
eter of 8.′2 ± 0.′5 and a radio-continuum spectral index
of −0.6 ± 0.1 (Gaensler et al. 2001). The eastern and
north-western edges of the remnant show evidence of in-
teraction with the surrounding environment, such as the
flattening of the radio contours in these regions (Dub-
ner et al. 1993). A number of 1720 MHz OH masers were
detected along the southern rim of the radio shell at a ve-
locity of −76.0 km s−1 (Koralesky et al. 1998), indicating
that the SNR is interacting with surrounding molecular
clouds. Koralesky et al. (1998) calculated the kinematic
distance towards the masers (and thus the SNR) using
the Galactic rotation curve. They determined a distance
of 5.5 kpc and 11 kpc, respectively, with a tangent point
distance of 8.3 kpc in this direction. Using the Σ-D rela-
tionship (Huang & Thaddeus 1985) a distance of 9 kpc to
G346.6–0.2 was suggested (Dubner et al. 1993). In this
paper, we use 8.3 kpc as the distance to the remnant,
similar to that of previous studies.
In X-rays, G346.6–0.2 was first detected in the ASCA
Galactic plane survey (Yamauchi et al. 2008). The ASCA
GIS image shows centrally-filled diffuse X-ray emission,
indicating that this is an MM SNR. Although photon
statistics were limited, Yamauchi et al. (2008) deter-
mined that the X-ray spectrum could be modelled us-
ing a thermal plasma (MEKAL model) with a tem-
perature of ∼1.6 keV or a power-law model with a
photon index of ∼3.7. They also derived a column
density of NH ∼ (2 − 2.6) × 1022 cm−2. Pannuti
et al. (2014) re-analysed the ASCA data using differ-
ent models (PHABS×POWERLAW, PHABS×APEC,
PHABS×NEI and combinations of these). They found
that the X-ray spectrum is best described by an ab-
sorbed non-equilibrium ionisation (NEI) model with a
column density of NH = 2.1
+0.4
−0.7 × 1022 cm−2, tem-
perature of 2.8+1.1−0.5 keV, and an ionisation timescale of
7+6−4 × 109 cm−3 s. Based on Suzaku observations, it
was claimed that the X-ray spectrum can be fitted by
an absorbed hot (kT = 1.22 ± 0.04 keV) NEI model
with sub-solar abundances of Mg, Si, S, and Fe, plus
a power-law with a photon index of 0.6 ± 0.3 (Sezer
et al. 2011). However, a later reanalysis of the same
data, after properly accounting for the strong X-ray emis-
sion from the Galactic Ridge, indicates that the X-ray
emission is best described by an absorbed recombining
plasma with a temperature of 0.30+0.03−0.01 keV, sub-solar
abundances of Mg, Si, S, and Fe and a column density of
NH = (2.3± 0.1)× 1022 cm−2 (Yamauchi et al. 2013).
The Spitzer IRAC survey of SNRs in the inner Galaxy
(Reach et al. 2006) detected diffuse infrared emission
arising from the southern rim of the radio shell of
G346.6–0.2. This IR emission is coincident with the OH
masers detected towards the south and the IRAC colours
derived in this region suggest molecular cloud interac-
tion. There is also fainter infrared emission towards the
northern edge of the remnant. The detection of spectral
lines associated with shocked H2 emission from G346.6–
0.2 using Spitzer IRS observations (Hewitt et al. 2009)
indicates that the remnant is interacting with a high den-
sity environment such as a molecular cloud. However, no
γ-ray emission was found, using approximately 3.5 years
of PASS 7 Fermi -LAT data (Ergin & Ercan 2012).
In this paper, we present an X-ray observation of SNR
G346.6–0.2 using XMM-Newton. In Section 2, we de-
scribe the XMM data reduction, spatial and spectral
analysis and our point source analysis. In Section 3 and
4 we infer the properties of G346.6–0.2, and discuss the
origin and nature of its thermal and non-thermal X-ray
emission, while in Section 5 we discuss the possible origin
of the non-thermal component. In Section 6 we discuss
the nature of the point sources we detected and search
for a potential neutron star candidate, while in Section
7 we summarise our results.
2. XMM-NEWTON OBSERVATIONS, ANALYSIS, AND
RESULTS
SNR G346.6–0.2 was observed with both the MOS
and PN detectors onboard the XMM-Newton Observa-
tory on 2011 March 11 for a total of 30.1 ks (ObsID:
0654140101). The telescope was pointed at (α, δ) =
(17h09m59.8s,−40◦12′56.4′′) and the MOS and PN de-
tectors were operated in the full frame mode with the
thick filter, with the SNR fully enclosed by the field of
view of the detectors. We performed the data reduc-
tion and analysis using the XMM-Newton science system
(SAS) version 14.0.09 with CALDB 4.6.710.
Before completing our imaging and spectral analysis,
we first checked for periods of high background and/or
proton flares by generating a count rate histogram us-
ing events with energy between 10–12 keV for the ob-
servation. We find that our observation is only slightly
affected by high background or flares, giving effective ex-
posures of 29.4 ks, 29.3 ks and 24.6 ks for MOS1, MOS2
and PN, respectively. As suggested in the SAS analy-
sis threads11 and XMM-Newton Users Handbook12, we
reduced the data following the standard screening of
events, with single to quadruple events (PATTERN ≤
12) chosen for the MOS detectors, while for the PN de-
tector only single and double events (PATTERN ≤ 4)
9 https://www.cosmos.esa.int/web/xmm-newton/
documentation/
10 https://www.cosmos.esa.int/web/xmm-newton/calibration
11 https://www.cosmos.esa.int/web/xmm-newton/sas-threads
12 https://xmm-tools.cosmos.esa.int/external/xmm_user_
support/documentation/sas_usg/USG/
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Figure 1. Left: Exposure corrected, 0.5–7.0 keV MOS+PN mosaic image of the G346.6–0.2. The image is smoothed with a Gaussian of
width 20′′ and the colour scale is linear. The apparent sub-luminous nature of central X-ray emission of the remnant is a result of the chip
gap of the PN detector rather that a property of the remnant (see Figure 9 where this effect is more pronounced). Right: RGB image
of G346.6–0.2 using both the MOS and the PN cameras. Red corresponds to 0.5–1.5 keV, green to 1.5–2 keV and blue to 2–7 keV. The
843 MHz radio contours from MOST are shown in green (Whiteoak & Green 1996). The image is smoothed with a Gaussian of width 20′′.
The yellow crosses indicate the location of the 1720 MHz OH masers detected with the VLA (Koralesky et al. 1998).
were selected. We also used the standard canned screen-
ing set of FLAGS for both the MOS (#XMMEA EM)
and PN (#XMMEA EP) detector.
As G346.6–0.2 is located along the Galactic plane, both
Galactic Ridge X-ray Emission (GRXE) and the Cosmic
X-ray Background (CXB) can contribute non-negligibly
to the observed emission. To correct for this we must
take vignetting effects into account. Thus, we process
all event files using the task evigweight, which weights
each event by an energy dependent factor that is equiva-
lent to the ratio of the effective area at the centre of the
observation and the effective area at the position of inter-
est13. All analysis products and results presented below
are extracted from these cleaned, filtered and vignetting
corrected event files.
2.1. Imaging Analysis
We used the SAS task emosaic to combine the MOS
and PN observations to produce a single exposure-
corrected intensity image of the entire SNR. The result-
ing image in the 0.5–7 keV energy band is shown in Fig-
ure 1 (left). To determine any possible spectral varia-
tions of the remnant and the nature of point sources in
the field, we also generated an RGB image using events
from both the MOS and PN detectors (Figure 1 right).
These images reveal that the X-ray emission is rela-
tively clumpy in nature. The bulk of the X-ray emission
found towards the north of the remnant produces a sig-
nificant amount of soft X-rays, while the emission seen
towards the southern region overlapping the positions of
the OH masers is harder in nature. The X-ray emission
from the SNR shows an arc-like morphology and it is
brightest towards the west. The emission extends in both
the northeast and southeast, with the northern extension
seeming to follow the slight protrusion of the radio con-
tours, as seen in the RGB image (Figure 1, right). The
X-ray emission of this remnant is surrounded by faint
13 See https://xmm-tools.cosmos.esa.int/external/sas/
current/doc/evigweight for more details
diffuse emission and is fully enclosed by the MOST ra-
dio contours (Whiteoak & Green 1996), covering a region
with an approximate size of 7.′3× 8.′2.
There are a few bright point sources immediately sur-
rounding the SNR (see Figure 1). One of them coincides
with the radio shell in the north of the remnant, and an-
other is found in the southwest near the OH masers. All
other point sources are found outside the radio remnant
shell. The point sources surrounding the remnant emit
strongly in either soft or hard X-rays only. In particular,
the point source within the northern part of the radio
shell is dominated by soft X-rays. A more detailed anal-
ysis and discussion of the point sources in the field of
view are found in Section 2.3.
We also note that there is an arc-like towards the
southeast of the remnant, which could arise from either
a bright nearby source or from flaring (see Figure 2). As
we filtered out periods of high-background and/or proton
flares before analysing the data products of this obser-
vation, it is more likely that these fringes arise from a
nearby source. We searched the ROSAT All-Sky Survey
Bright Source Catalogue (Voges et al. 1999) and Third
XMM-Newton Serendipitous Source Catalogue (Rosen
et al. 2016) and find the low mass X-ray binary 4U
1708 − 40 (1RXS J171224.8 − 405034) located approx-
imately 0.8◦ from G346.6–0.2, making it likely to be the
source of this emission.
2.2. Spectral Analysis
To determine the spectral properties of G346.6–0.2, we
extract spectra from six regions shown in Figure 3 right
using the SAS task evselect and the cleaned, vignetting
corrected event files from all three EPIC cameras. In ad-
dition, we extracted a global spectrum from an elliptical
region centred on (α, δ) = (17h10m17.6s,−40◦10′29.3′′)
with semi-minor and semi-major radii of 3′ and 3.4′, re-
spectively, which encloses the bulk of the SNR X-ray
emission. Point sources overlapping these regions were
excluded. For each region, we extracted spectral re-
sponse and effective area files using the tasks arfgen
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Figure 2. MOS2 image of G346.6–0.2 showing the singly-reflected
X-rays from a nearby source in the form of large arcs towards the
south-east of the remnant. This artefact is seen in all detectors
and most prominently in MOS2.
and rmfgen. To account for the background, we selected
an annulus region that directly surrounds the emission of
the remnant (see Figure 3 left). We excluded both point
source and the arc-shaped fringes from singly-reflected
X-rays seen in all observations from our background re-
gion.
The spectral fitting was performed using the X-ray
analysis software XSPEC version 12.9.0c, over an en-
ergy range of 0.7–7 keV. We also used AtomDB 3.0.214
(Smith et al. 2001; Foster et al. 2012). Each spectrum
was grouped with a minimum of 20 counts per energy bin,
and fitted using χ2 statistics. To investigate the emis-
sion of the remnant, we used a non-equilibrium ionisation
(NEI) collisional plasma model, VRNEI15, which is char-
acterised by final (kT ) and initial electron temperature
(kTinit), elemental abundances and a single ionisation
timescale (τ = net). This model allows one to simulate
the thermal emission from either a plasma that is ionis-
ing up to or is in ionisation equilibrium (i.e. kTinit < kT ),
or a recombining plasma that was in collisional equilib-
rium with kTinit and then suddenly cooled to its final
temperature kT (i.e. kTinit > kT ). We also used an
absorbed APEC model (Smith et al. 2001), which allows
one to model a plasma which is in collisional ionisation
equilibrium (CIE).
The foreground absorption column density NH was
modelled using TBABS (Wilms et al. 2000). Due to
the presence of noticable emission lines from Mg, Si,
and S, the abundances of these elements were also let
free in the VRNEI model fit. All other elemental abun-
dances were fixed at the solar values (Wilms et al. 2000).
We find that all regions favoured kTinit > kT , imply-
ing that the X-ray emission from G346.6–0.2 arises from
a recombining plasma, similar to what was suggested
previously (Yamauchi et al. 2013). For completeness,
we also attempted to fit the emission of the remnant
using a TBABS×VRNEI model with kTinit < kT , or
an TBABS×APEC model. However, we find that both
14 http://www.atomdb.org/
15 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
node210.html
these models produced a worse fit (reduced χ2 ∼ 1.3 for
both models), and they suggest extremely high temper-
atures for the SNR (i.e., kTe ∼1.7−2.6 keV). In Table 1,
we list the best-fit parameters and their 90% confidence
level uncertainties, while in Figure 4 we plot the global
X-ray spectrum of G346.6–0.2.
We attempt to fit the value of kTinit, but found that
it is poorly constrained for all individual regions except
for the global spectrum, for which we obtained kTinit =
6+4−1 keV. Therefore, we fixed kTinit at the global value
when fitting the spectra from individual regions.
Overall, a TBABS×VRNEI model with under-
abundant Mg, Si, S, and Fe, a plasma temperature of
kT ∼ 0.30 keV and kTinit fixed at 6 keV, was able to
fit the global spectrum reasonably well with a reduced
χ2 = 1.16. This is consistent with that derived by Ya-
mauchi et al. (2013) using Suzaku data. However, this
model fails to fit the high energy spectrum above ∼3 keV,
as shown by the residuals in Figure 4 (left panel). The
Suzaku X-ray spectrum and model fits presented in Ta-
ble 1 of Yamauchi et al. (2013) also hints at an addi-
tional spectral component 16 To account for this excess
seen in the hard X-ray band (Figure 4 left panel), we at-
tempted to add a recombining plasma (RNEI), or an NEI
model component, however we found that these models
did not improve the fit when τ < 1012cm−3s. However,
we find that these models significantly improve the fit
when τ > 1013cm−3s, mimicking that of an APEC model
which we discuss further below.
It is possible that this hard X-ray tail could arise from
either excess thermal emission from the Galactic Ridge
or from a powerlaw component that arises from a non-
thermal population of the electrons accelerated by the
supernova shock or from an unseen pulsar wind nebula
(PWN). To test these possibilities, we added either an
additional APEC model (Smith et al. 2001) or a power-
law model in which we let both the temperature and the
photon index be free respectively.
We find that adding a powerlaw component signif-
icantly improves the fit and gives a reduced χ2 of
0.99, and an F -test indicates a null hypothesis proba-
bility of 1.0 × 10−15 when compared with our best fit
TBABS×VRNEI model. The same is also true for in-
dividual spectra except region 2, all have an F -test null
hypothesis probability of < 10−5. The powerlaw com-
ponent for the global spectrum has a photon index of
Γ = 2.0+0.7−0.9, while the individual regions have Γ between
1.0 and 2.5 (see Table 1). The power-law index im-
plied by our fits is similar to that obtained by Yamauchi
et al. (2008) whose power-law model fit of ASCA obser-
vations of the remnant required a power-law index > 1.7.
These values are much larger than Γ ∼ 0.5 obtained with
Suzaku using a WABS*(VNEI+POWERLAW) model
(Sezer et al. 2011), however these authors did not cor-
rect for vignetting. In Table 1 we have listed the
results of our fits using either a TBABS×VRNEI or
TBABS×(VRNEI+POWERLAW) model.
Similar to our powerlaw model, we find that an addi-
tional APEC model also improves the fit to our global
16 The best-fit recombining NEIJ model presented by Yamauchi
et al. (2013) has a reduced χ2 between 1.20−1.40 depending on
the background they used., but the poor statistics above ∼4 keV
precludes a detailed study of this component in their paper.
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Figure 3. Right: Plotted as the solid cyan and dash green regions respectively are the global and background regions used in our spectral
analysis overlaid on the 0.5–7.0 keV MOS+PN mosaic image. Left: The individual source regions used in our analysis. Bright point sources
are excluded in the analysis. Here we have adjusted the contrast of the image such that only the brightest emission from the remnant is
observed.
and individual spectra (reduced χ2 of 0.96 for the global
spectrum). Here the best fit APEC temperature de-
rived from the global spectrum is 1.9+0.6−0.3 keV, while those
for the individual regions are similar, albeit with larger
uncertainties (see Table 2). This temperature is much
higher than that expected from a SNR, or from the 0.79
keV excess emission seen directly surrounding G346.6–
0.2 (Yamauchi et al. 2013), while it is lower than that
derived by Pannuti et al. (2014) using a single APEC
model.
The derived temperature value is higher than that esti-
mated by various studies of the Galactic Ridge Emission
using X-rays (e.g., Yuasa et al. 2012; Yamauchi et al.
2014; Uchiyama et al. 2013; Nobukawa et al. 2016), how-
ever, within uncertainties it is consistent with that of the
low temperature component of the Galactic Ridge Emis-
sion derive by e.g., Yuasa et al. (2012) and Uchiyama
et al. (2013). We find that the properties of the VRNEI
models in these fits are comparable to those in the
VRNEI+POWERLAW fits (see Table 1).
We find that both the global and individual regions
have an ionisation timescale of ∼ 4.8× 1011 cm−3 s, indi-
cating that the plasma is far from ionisation equilibrium.
This is similar to the values derived by Yamauchi et al.
(2013) and Sezer et al. (2011), but is significantly differ-
ent from the ASCA and Suzaku results (Yamauchi et al.
2008; Pannuti et al. 2014). The average temperature
of the recombining plasma is 0.26 keV, which is slightly
lower than the 0.30+0.03−0.01 keV reported by Yamauchi et al.
(2013) and lower than the temperature of 0.30 keV de-
rived using only a TBABS×VRNEI model.
As Yamauchi et al. (2008), Sezer et al. (2011), and Pan-
nuti et al. (2014) used a CIE model or a non-equilibrium
ionisation model without overionisation to describe the
recombining plasma, our results differ from their stud-
ies. In addition, Yamauchi et al. (2008) and Sezer et al.
(2011) did not properly account for either the non-X-ray
background of Suzaku or vignetting effects, which can
lead to the plasma temperature being much higher in
their model fits to compensate for the excess flux above
∼ 5 keV (Yamauchi et al. 2013). Another difference is
that we use updated elemental abundances (Wilms et al.
2000) and atomic cross-sections (ATOMDB 3.0.2) in the
analysis, compared to much older versions (e.g., Anders
& Grevesse 1989 abundances or ATOMDB 2.0) used in
previous studies.
The global and individual spectra, except for region
3, all suggest under-abundance of Mg. In addition, the
global and regions 1, 2 and 4 spectra require under-
abundance of Si. Under-abundance of S is required for
the global and regions 1, 2, 4 and 5 spectra. This is sim-
ilar to the Suzaku results (Sezer et al. 2011; Yamauchi
et al. 2013). However, we do not find evidence for under-
abundance of Fe or over abundance of Ca as claimed by
the above two studies. Note that the ASCA data were
unable to verify these due to limited photon statistics
(Yamauchi et al. 2008; Pannuti et al. 2014).
We derived a hydrogen column density of NH = (2.0−
3.3)× 1022 cm−2. It is highest in regions 1 and 4 in the
eastern side of the remnant, and lowest on the western
side (region 3). The NH values are comparable to those
previously reported (Yamauchi et al. 2008; Sezer et al.
2011; Yamauchi et al. 2013; Pannuti et al. 2014).
Finally, to check the possibility that the additional
component could arise from the singly reflected X-rays
seen in Figure 2, we estimate the flux contribution of
this artefact using WebPIMMS17. Assuming the NH and
Γ derived from our global X-ray spectrum, this corre-
sponds to an absorbed flux of ∼ 1× 10−14 erg cm−2 s−1
over the 0.5–7.0 keV energy band. This is only ∼2% of
the absorbed flux of the power-law component in both
the global spectrum and in all regions which require an
additional power-law.
2.3. Point Source Analysis
17 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/
w3pimms.pl
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Figure 4. Left: Best-fit absorbed VRNEI model for the MOS1 (black), MOS2 (red), and PN (green) spectra, with a temperature of
0.34 ± 0.01 keV, kTinit fixed at 6 keV and under-abundant Mg, Si, S, and Fe. Right: Best-fit absorbed VRNEI+power-law model with a
temperature of 0.20+0.03+0.02 keV, kTinit = 6 keV, under-abundant Mg, Si, and Si, as well as a power-law index of Γ = 2.3
+0.5
−0.8. The left panel
shows that the single absorbed VRNEI model significantly underestimates the flux above ∼ 4 keV.
We identified X-ray point sources in the field of view
by running the task edetect chain on the PN data in
five standard energy bands (0.2–0.5 keV, 0.5–1 keV, 1–
2 keV, 2–4.5 keV, and 4.5–10 keV). We chose a likelihood
threshold value of 30σ to mitigate background contami-
nation. A total of 25 bright point sources were detected
in the field. Their positions and count rates in the soft
(0.2–2 keV) and hard (2–10 keV) bands are listed in Ta-
bles 3 and 4. We calculated the hardness ratio (HR)
using (R2−10 − R0.2−2)/(R2−10 + R0.2−2), where R are
the count rates in the soft and hard bands from the PN
detector. We use only the events from PN detector for
this analysis due to its high sensitivity and large effective
area. Also, a few sources fall off the MOS detectors, or
are located on CCD6 of MOS1 which is no longer oper-
ational.
For sources which we were able to extract sufficient
counts and thus extract an X-ray spectrum, we grouped
the spectra with a minimum of 10 counts per bin, and
modelled each spectrum using an absorbed power-law.
We compared the positions of the X-ray sources with
UNSO-B1 (Monet et al. 2003) and 2MASS (Skrutskie
et al. 2006) catalogues to identify any optical or infrared
counterparts, respectively. We considered only optical
and infra-red sources within 3σ uncertainties of the X-
ray positions, and identified 14 optical counterparts. No
optical counterparts are found within 3σ uncertainties
for the other 11 sources. The results of our point source
analysis are listed in Tables 3 and 4.
3. POSSIBLE ORIGIN OF THE CENTRE-FILLED X-RAY
EMISSION
The detection of OH masers coincident with
G346.6−0.2 implies that this remnant is expanding into a
dense and non-uniform environment. The characteristics
of MM SNRs are thought to arise from the interaction
between the SNR with this dense molecular material.
However, their morphological and plasma properties are
difficult to explain using the standard Sedov SNR evo-
lution model (see e.g., Long et al. 1991; Safi-Harb et al.
2000). Two popular models18 used to explain the prop-
erties of MM SNRs are thermal conduction (e.g., Cui &
Cox 1992; Cox et al. 1999) and the evaporation of dense
clumps of material inside the remnant (e.g., White &
Long 1991).
In the thermal conduction model (Cui & Cox 1992;
Cox et al. 1999), the material immediately behind the
shock front begins to cool after the passage of the su-
pernova blast wave. If thermal conduction is the main
source of cooling, this results in the transport of heat
and material to the centre of the remnant, increasing its
central density and smoothing the temperature gradient
behind the shock. At the shock-front itself, the rela-
tively high density of the swept-up ISM absorbs X-ray
emission from the shell, while only the central emission
is observable. This model is able to reproduce the cen-
tre bright X-ray emission of a sample of SNRs such as
W44 (e.g., Cox et al. 1999), however it is unable to fully
explain the temperature and brightness distribution of
other MM SNRs.
In the White & Long (1991) model, the properties of
MM SNRs arises from the evaporation of dense clumps
of material. The SNR is assumed to be evolving in a
medium that contains many cold cloudlets that are suf-
ficiently small and dense that they do not affect the pas-
sage of the shock and are neither destroyed nor swept
up. Once the shock has passed, the cloudlets are then
embedded in the hot post-shock plasma and evaporate
via thermal conduction. This fills the SNR interior with
a relatively dense gas that emits X-rays.
Even though neither of these two models are able to
reproduce completely the complex emission, morphology
and dynamical properties of all MM SNRs, they provide
us with a good handle on their properties (e.g., Slane
et al. 2002; Gelfand et al. 2013). As G346.4−0.2 is ex-
18 There are other models which attempt to explain the prop-
erties of MM SNRs. Petruk (2001) suggest that the central X-
ray emission of MM SNRs arises from projection affects, while
Dwarkadas (2005) suggested that their properties arise from the
collision of the SNR blast wave with the dense cavity walls or ring-
like structures that are produced by massive progenitors as they
lose mass. However a detailed comparision between models is be-
yond the scope of this paper.
7Figure 5. Probability distributions of kTs, C and τ from the White & Long (1991) model, where the shaded regions show the 1σ confidence
intervals for each parameter. The best fit model parameters for G346.6−0.2 are (τ , C, kTs) = (94+23−36, 260+63−96, 0.16± 0.02 keV).
panding in a highly inhomogeneous medium rather than
an environment with a strong density gradient, we adopt
the White & Long (1991) model to investigate the prop-
erties of this remnant.
3.1. Evaporation of dense clumps
When the mass of the swept-up ISM is greater than
the ejecta mass, the SNR enters the Sedov-Taylor phase
(Taylor 1950; Sedov 1959). At this point, the ejecta have
been shocked and can be approximated assuming that it
is adiabatically expanding in a uniform medium. White
& Long (1991) generalised the Sedov model and its cor-
responding similarity solution such that it could describe
the evolution of SNRs in a dense, non-uniform environ-
ment, which takes into account the evaporation of dense
clumps of material. White & Long (1991) introduce two
additional parameters to the Sedov model: C, the ratio
of the ISM cloud mass to that of the intercloud medium,
and τ , the ratio of the cloud evaporation timescale to
the SNR age. For appropriate values of C and τ , one is
able to reproduce the bright X-ray morphologies of MM
SNRs, while also being able to recover the standard Se-
dov (1959) model when C, τ  1 or τ  C.
To characterise the properties of G346.6−0.2, we sam-
ple a wide range of values for the shock temperature
(kTs), C and τ to determine the White & Long (1991)
model which best reproduces the properties of the rem-
nant. For each set of parameters we derived the model
surface brightness and X-ray temperature profiles assum-
ing the X-ray emissivities of a plasma with an X-ray
temperature (kTX), ionisation timescale and abundances
similar to what we obtained from our spectral analysis
of the global X-ray spectrum of the remnant. The X-
ray emissivity was calculated assuming the observed col-
umn density and using the spectral responses files of the
MOS1 detector. For each set of parameters, we calculate
the average model X-ray temperature from the corre-
sponding temperature profiles, and compare this result to
the X-ray temperature derived from modelling the global
X-ray spectrum of the remnant.
We derived the surface brightness profile using the
MOS1 observation, as the SNR overlaps with a large
number of chip gaps in the PN data. In addition, we used
an annulus centred at (α, δ) = (17h10m17s,−40◦10′59′′)
which fully encloses the X-ray emission of the remnant.
We also exclude all bright points sources that we found
using our point source analysis discussed in Section 2.3.
To estimate the values of kTs, C and τ favoured by the
global X-ray temperature and the surface brightness pro-
file of G346.4−0.2, we randomly sampled the parameter
space of each variable. To determine the best-fit values
of these parameters we derived a likelihood function for
each variable. A likelihood function, L, is the probability
of obtaining the observed data di, given the value of the
parameter pn and is derived using
L =
∏ 1√
2piσi
exp
(
−χ
2
i
2
)
. (1)
Here χi is the chi-squared fit of our surface brightness
model and our model temperature as derived when one
compares these values to the X-ray surface brightness
profile and global temperature of G346.6–0.2. This is
derived using χ2i = (di −mi)/σi, where mi is the model
prediction assuming parameters pn for data point di, and
σi is the uncertainty in di. Assuming that all parameters
pi can produce a reasonable fit, we integrate L over the
full range of parameters, producing a probability func-
tion for each parameter pn. The 68% (1σ) confidence
interval for each of the parameters pn are derived using
the minimal parameter region that encloses 68% of the
integrated area under the distribution.
In Figure 5 we plot the likelihood functions for kTs,
C and τ that we obtained from our analysis. Here the
shaded regions show the 1σ confidence intervals for each
parameter. In Figure 6 (left) we have plotted the model
(τ , C, kTs) = (94+23−36, 260+63−96, 0.16 ± 0.02 keV) and its
uncertainty which best reproduces the surface brightness
profile (black data points) and global X-ray temperature
of G346.4−0.2.
3.2. The inferred properties of the remnant
Using these parameters we infer the properties of the
remnant using the following equations. The ISM density,
nism, is derived using Equation (25) from White & Long
(1991), while the age of the remnant is calculated using
tsnr =
[
16piµmHnism
25(γ + 1)κE0
]1/2
R5/2snr yr, (2)
which is derived from Equation (8) of White & Long
(1991). Here Rsnr is the radius of the remnant, E0 is
the supernova explosion energy, µ = 0.604 is the mean
molecular weight, mH is the mass of a hydrogen atom, γ
is the adiabatic index of the surrounding material, and κ
is the ratio of thermal and kinetic energy of the remnant
as inferred from the similarity solutions of White & Long
(1991). κ is a function of τ and C.
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Figure 6. Left panel: Comparision of the measured X-ray surface brightness of G346−0.6 with the White & Long (1991) similarity
solution that best reproduce the observed surface brightness of the remnant. Here the black data points are from the MOS1 observation
of the remnant, the solid magenta line corresponds to the model using the input parameters (τ , C, kTs) = (96, 260, 0.16 keV), while the
blue shaded region corresponds to the 68% uncertainty band for these parameters. Right panel: Derived parameters for G346−0.2 using
the White & Long (1991) model. Here we plot the normalised curves for radius (Rpc), age (tage), density of the ISM (nISM), explosion
energy (E0) and swept up mass (Msw), where each curve is divided by Xmax which is the maximum value of each parameter X derived
assuming a distance between 1 − 15 kpc. These are derived from Equations 2–4 and those referenced in the text. The Xmax values for
Rpc, tage, nISM, E0 and Msw respectively are 22 pc, 7610 kyr, 13 cm
−2, 1.6× 1051 erg, and 1284 M. The dashed black line corresponds
to the values derived assuming a distance of 8.3 kpc which is used throughout of paper.
The explosion energy of the remnant is calculated using
E0 =
2(γ + 1)pikTsnismR
3
snr
(γ − 1)κ erg. (3)
The shock velocity is calculated using
vs =
2
5
[
25(γ + 1)κE0
16piµmHnism
]1/5
t−3/5snr km s
−1. (4)
which is derived from Equation (6) of (White & Long
1991), while the total mass of X-ray emitting gas is de-
rived from Equation (26) of White & Long (1991).
In Figure 6 right, we plot the properties of the remnant
as a function of distance. Assuming a distance of 8.3 kpc
we derive a shock radius of ∼12 pc, an explosion energy
of ∼ 7×1050 erg, an age of ∼4200 years, a shock velocity
of ∼1120 km s−1, a gas density of the ISM just outside
the shock of ∼0.52 cm−3 and a total swept up mass of
∼53 M. We find that this model (τ , C, kTs) = (94,
260, 0.16 keV), is able to reproduce the X-ray surface
brightness profile (solid magenta line in Figure 6 left)
and global X-ray temperature of G346.6−0.6 quite well.
Similar to previous studies of other MM SNRs using
the White & Long (1991) model (e.g., Slane et al. 2002;
Chen et al. 2004), the evaporation timescales (τ) of the
cold dense cloudlets of material inferred by the best fit
model are quite long compared to the age of the SNR
(>50 tsnr). The age inferred from our study is lower
than that derived by Sezer et al. (2011). These au-
thors estimated ∼11 kyr for G346.6–0.2 using the ioni-
sation timescale and electron density determined from
their modelling. However, we note that they underesti-
mated the X-ray emitting volume of the remnant, which
can lead to a larger electron density and thus a larger
age.
The derived explosion energy (∼ 7 × 1050 erg) from
this model is somewhat low compared to the canonical
value for SNRs (∼ 1051 erg). However, it has been shown
that the White & Long (1991) model underestimates the
explosion energy of SNRs (e.g., Harrus et al. 1997).
The shock velocity inferred from this analysis is much
higher than the typical velocities found in MM SNRs,
which of the order of 100 km s−1 (see e.g., Slane et al.
2015, and reference therewithin). In addition, the elec-
tron temperature derived from the X-ray analysis (kT =
0.2 keV) is much lower than one would expect for a shock
velocity this fast assuming kT = (3/16)µmv2s . One pos-
sible explanation for this is that the high velocity and the
low temperature of the thermal plasma could result if the
recombining plasma originates from a fast shock that has
broken through dense material and is now expanding into
a low density environment. In Section 4.2 we find that
the overionised nature of the plasma most likely arises
from adiabatic cooling that is produced in this type of
scenario, making it possible that these properties arise
from the unique environment of the remnant.
Another possibility is that the SNR is expanding into a
clumpy environment much like that presented by White
& Long (1991). As the shock passes through the dense
clumpy material and into the lower density interclump
medium, this causes rapid cooling producing an overi-
onised plasma, while the high shock velocity could arise
9from the shock front travelling through the lower density
(compared to the dense cloudlets) interclump medium.
However, more detailed modelling would be required to
shed light on this issue, which is the beyond the scope of
this paper and we leave for future work.
Interestingly though, this model estimates that the
amount of swept-up material is ∼53 M, which is
quite small compared to other MM SNRs (e.g., Slane
et al. 2002; Auchettl et al. 2015) which have swept up
∼100M. However these remnants are usually much
older, allowing them to sweep up significantly more ma-
terial.
4. NATURE OF THE THERMAL X-RAY EMISSION
4.1. Origin of the sub-solar abundances
Our spectral analysis indicates sub-solar abundances
of Mg, Si, and S in SNR G346.4−0.2, similar to the re-
sults derived using Suzaku (Sezer et al. 2011; Yamauchi
et al. 2013). It was suggested that the majority of these
elements are not detected because they have not yet been
heated by the supernova reverse shock (Sezer et al. 2011).
However, we argue that this is unlikely, since the sub-
solar abundances are found throughout the remnant and
the large mass of X-ray emitting material implies that
the X-ray emission arises predominantly from shocked
ISM, rather than ejecta.
As Spitzer MIPS observations show evidence for a sig-
nificant amount of dust associated with the remnant
(Reach et al. 2006), one possible explanation for the sub-
solar abundances of at least Mg and Si is that these el-
ements have condensed onto grains, lowering their gas-
phase abundance. This is also supported by Spitzer IRS
measurements that show strong H2 lines from the in-
teraction of the SNR’s shock with dense gas (Hewitt
et al. 2009), where condensation onto dust grains is likely.
However, as S is not a refractory element, this explana-
tion therefore cannot explain its underabundance. As
a significant non-thermal X-ray component (whose po-
tential origin in discussed in Section 5) has also been
detected in our analysis, another possibility is that the
synchrotron continuum is dominating the observed X-
ray spectrum. Borkowski et al. (2001) determined that
a strong synchrotron continuum can cause X-ray lines to
appear to be much weaker than that of a solar abundance
plasma.
4.2. Origin of the recombining plasma
A useful way to characterise the ionisation state of an
SNR plasma is to compare the ionisation temperature
kTZ , which describes the extent that ions are stripped
of their electrons, with the current electron temperature
kTe of the plasma. Here, kTe is derived from the con-
tinuum while kTZ is derived from line ratios (Kawasaki
et al. 2002, 2005). When kTZ < kTe or kTZ > kTe
the plasma is in a non-equilibrium ionisation state (Itoh
1977), while kTZ = kTe implies that the plasma is in
CIE. Non-equilibrium ionisation states are most com-
monly seen in young SNRs in which shocks produce an
ionising plasma that reaches collisional equilibrium after
a 104−5 years (Kawasaki et al. 2005; Smith & Hughes
2010). However, observations of a number of MM SNRs
using ASCA (Kawasaki et al. 2002, 2005), which was
later confirmed by Suzaku, determined that the ther-
mal plasma of these remnants exhibit evidence of re-
combination, where kTZ > kTe (e.g., Yamaguchi et al.
2009). Evidence of rapid electron cooling in the spec-
tra of SNRs appears in the form of radiative recombi-
nation continuum or excess emission near the Kα lines
of He-like elements. This rapid cooling can arise from
either rapid cooling of electrons due to the interaction of
the hot ejecta with the cold, dense surrounding environ-
ment (Cox et al. 1999), or through adiabatic expansion
that can occur when the shockfront of an SNR expands
through a dense circumstellar material into a low density
environment (Itoh & Masai 1989).
To determine the origin of this rapid electron cool-
ing, we can calculate the timescale of each model. The
timescale for thermal conduction is given by (Spitzer
1962):
tcond ∼ kBnel2T /K , (5)
where lT is the length of the thermal temperature gradi-
ent, kB is Boltzmann’s constant, K is the thermal con-
ductivity for a hydrogen plasma, and ne is the electron
density19. We take the length of the semi-major axis
of the region we used to extract the global X-ray spec-
trum as the length scale, i.e., 2.5 × 1019d8.3 cm. Using
the temperature and ne associated with the global X-ray
spectrum, we derive the thermal conduction timescale
of ∼500 kyr. Much like other MM SNRs such as IC443
(Yamaguchi et al. 2009), and MSH 11−61A (Auchettl
et al. 2015), the timescale derived using thermal conduc-
tion is significantly larger than the age of the remnant
we derived in Section 3, indicating that efficient thermal
conduction is most likely not responsible for the rapid
electron cooling.
For adiabatic cooling, the timescale can be estimated
using the ionisation timescale of the plasma ne = τit,
where τi is the ionisation timescale of the plasma as de-
rived from modelling the global X-ray spectrum. This
gives us an adiabatic cooling timescale of ∼ 12 kyr, which
is comparable to the age of the remnant as derived in Sec-
tion 3. This implies that the origin of the recombining
plasma is most likely adiabatic cooling (e.g., Lopez et al.
2013).
4.3. Supernova type
The supernova type of G346.6–0.2 is currently not well
identified. On one hand, it was suggested that G346.6–
0.2 could arise from a Type Ia SN explosion based on
the relative abundance of Fe compared to Si (Sezer et al.
2011). On the other hand, Spitzer detection of spectral
lines associated with shocked H2 indicate that it could
be a core collapse (CC) event (Hewitt et al. 2009; Pan-
nuti et al. 2014). There are a number of way to shed
light on the progenitor of an SNR. This includes com-
paring chemical abundances such as the O/Fe ratio to
the values predicted by Type Ia and CC SN models (e.g.,
Iwamoto et al. 1999) since Type Ia SNe produce signifi-
cantly more Fe than CC SNe, while CC SNe produce a
19 To derive ne we use n2 = 4 × 1014piKd2f−1V −1, where K
is the normalisation of our global spectrum, f is the filling factor,
ne = 1.2nH, n ≈ 1.1nH assuming Wilms et al. (2000) abundances
and V is the volume of our extraction region. To derive the vol-
ume, we assume a filled ellipsoid with semi-major radius of 3.4′(or
8.3 d8.3 pc) and a semi-minor radius of 3.0′(or 7.3 d8.3 pc), which
corresponds to a volume of V = 5.4× 1058 f d38.3 cm3.
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large amount of O compared to Type Ia SNe. One can
also determine associations with nearby molecular clouds
or by analysing the asymmetry of the remnants morphol-
ogy, with CC SNe being more asymmetric that Type Ia
SNRs (Lopez et al. 2011, 2009).
Unfortunately, due to the relatively large absorption
in the direction of G346.6–0.2, the poor statistics above
5 keV and the possibility that the X-ray emission arises
from shocked ISM, we are unable to use chemical abun-
dances derived from our X-ray spectra to classify whether
this remnant is a Type Ia or CC. However, we argue that
G346.6–0.2 arises from a massive progenitor that under-
went CC SN, based on its association with a dense molec-
ular cloud, as well as the detection of infrared emission
from shocked molecular gas (Reach et al. 2006; Hewitt
et al. 2009; Andersen et al. 2011), the highly asymmetric
nature of its X-ray morphology, and the fact that this
remnant is located in the Galactic plane.
5. NATURE OF THE HARD X-RAY TAIL COMPONENT
The detection of non-thermal X-rays could originate
from a number of possibilities, including an undetected
pulsar or pulsar wind nebula (PWN), contamination
from a nearby source or a population of sources, Galac-
tic Ridge X-ray emission, or a population of relativistic
particles accelerated by the SNR shock-front.
5.1. Galactic Ridge X-ray emission?
G346.6–0.2 is located in the inner part of the Galactic
disk which is dominated by strong X-ray emission from
the Galactic Ridge X-ray Emission (GRXE). It has been
shown in both deep Chandra (e.g., Ebisawa et al. 2005;
Revnivtsev et al. 2009) and Suzaku (e.g., Yuasa et al.
2012; Uchiyama et al. 2013) studies that the majority
of this emission can be resolved into faint X-ray emit-
ting stellar coronae and accreting white dwarf binaries.
Kaneda et al. (1997) showed that in the 0.5–10.0 keV en-
ergy range, the GRXE is best described by an optically-
thin thermal plasma model with a low and high temper-
ature component of ∼1.0 keV and ∼6 keV respectively.
This was later confirmed using Chandra (e.g., Ebisawa
et al. 2005) and Suzaku (e.g., Ryu et al. 2009; Yuasa
et al. 2012; Uchiyama et al. 2013). Yuasa et al. (2012)
attempted to decompose the high energy (∼6 keV) com-
ponent of the GRXE into its various discrete source con-
tributions. These authors found that this high energy
component is best described by a thermal plasma in CIE
with a temperature of ∼ 1.2− 1.7 keV arising from coro-
nal X-ray sources and a spectral component that arises
from accreting white dwarfs with a mass ∼ 0.7M.
The GRXE can be a major background contribution
to the X-ray spectrum of diffuse sources, particularly for
energies greater than 5 keV (e.g., Yamauchi et al. 2013),
or if the statistics of a source’s X-ray spectrum are poor.
As such to test whether the hard X-ray tail seen in our
fits arises from the high temperature component of the
GRXE we fit the global X-ray spectrum in two ways.
First we fit the global X-ray spectrum with an ab-
sorbed VRNEI plus a APEC model in which the tem-
perature is set free. As discussed in more detail in Sec-
tion 2.2, we find that we can produce quite a good fit
(reduced χ2 = 0.96) to our X-ray spectrum with the
temperature of the APEC model ∼ 1.9 keV. While this
value is much lower than 6 keV derived in previous stud-
ies (Kaneda et al. 1997; Ebisawa et al. 2005; Ryu et al.
2009), it is comparable to the softer, coronal X-ray source
contribution of the high temperature component of the
GRXE derived by Yuasa et al. (2012), or the low tem-
perature component of the GRXE derived by Uchiyama
et al. (2013).
Second, we fit the global X-ray spectrum using an
absorbed VRNEI plus a APEC model in which we fix
the temperature, and abundance parameters derived by
Kaneda et al. (1997) or Uchiyama et al. (2013) for the
the GRXE. Again, we find that this produces a similar
result (χ2r = 0.99) compared to our model listed in Ta-
ble 1 and 2. As a consequence, we cannot rule out that
the additional hard component required by our fits arises
from the GRXE.
Due to the relatively small size of the G346.6–0.2 (di-
ameter ∼ 0.1◦ in diameter), we do not expect the GRXE
to vary significantly across the remnant considering the
GRXE varies on scale heights of 0.5◦ latitudinally and
3◦ longitudinally (Kaneda et al. 1997). As a conse-
quence we would expect that if the GRXE is respon-
sible for the observed hard X-ray tail seen in Figure 4
that our best fit absorbed VRNEI+POWERLAW (or
VRNEI+APEC) models would produce similar Γ (or
temperatures) values. However, from Table 1 and 2 one
can see that we do see quite a large variation in best
fit photon index (temperature) we obtain, while region 2
does not require an additional powerlaw or APEC com-
ponent.
In addition, Yamauchi et al. (2013) carefully took into
account the variation in the GRXE with scale height
when modelling the X-ray spectrum from G346.6–0.2 us-
ing Suzaku by using different background regions located
at different positions along their field of view for their fit.
Nonetheless, they were unable to obtain a good fit with a
χ2r < 1.2− 1.4 implying that the spectrum might require
an additional component. However, deeper observation
using XMM and/or NuSTAR would be required to con-
strain the higher energy component of this remnant and
to confirm or rule out the possibility of the GRXE con-
tributing to the observed X-ray spectrum.
5.2. Unidentified pulsar/pulsar wind nebula?
The core collapse of a massive star can lead to the for-
mation of a neutron star. Neutron stars are rapidly ro-
tating and have strong magnetic fields, forming a highly
relativistic wind of particles. The particles in this pul-
sar wind interact with surrounding photon and magnetic
fields, emitting both synchrotron and inverse Compton
radiation which are observed as a PWN. The emission
from a PWN can be well described by a power-law spec-
trum with Γ ∼0.5–2.0 (see e.g., Gaensler & Slane 2006),
which is consistent with the photon index derived us-
ing our power-law model. Additionally, based on the
global X-ray spectrum, this component has an average
unabsorbed flux of 8.5×10−13 erg cm−2 s−1 over the 0.5–
7 keV energy band. This corresponds to a luminosity of
7.3 × 1033d8.3 erg s−1, which is comparable to the ob-
served X-ray luminosity of a large number of PWN de-
tected in the X-ray energy band (Kargaltsev & Pavlov
2008).
As G346.6–0.2 most likely formed from a CC SN (see
Section 4.3), it is possible that the observed non-thermal
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Figure 7. Left panel: The maximum energy (Eq. 6) of accelerated electrons (Emax) as a function of magnetic field (B) for various shock
velocity (vshock) plotted on a log-log plot. Here we have assumed η = 1 and (χ − 1/4)/χ2 = 1. The dashed lines correspond to the
Emax = 1.8 TeV assuming the vshock value inferred in Section 3.2 and B = 1.7 mG as derived from the VLA polarimetric observations
of the OH masers toward G346.6–0.2 (Koralesky et al. 1998) . Right panel: Rolloff energy (hνrolloff) as a function of vshock for different
B (Eq. 7). The dashed lines correspond to hνrolloff = 0.7 keV assuming the vshock value inferred in Section 3.2, B = 1.7 mG, η = 1 and
(χ− 1/4)/χ2 = 1.
emission arises from an unidentified pulsar and its neb-
ula. As discussed in more detail in Section 6, we search
for a neutron star candidate within a circular radius de-
fined if one assumes that the supernova explosion which
created G346.6–0.2 produced a neutron star with a kick
velocity of ∼ 100 − 500 km s−1. We find one potential
candidate within the assumed distance from the remnant
centre (source 8 in Figure 9).
As its emission is relatively soft in nature (HR= −0.2),
this source could potentially be a young thermally emit-
ting neutron star, similar to Cas A (e.g., Pavlov & Luna
2009) or G350.1–0.3 (Lovchinsky et al. 2011). However,
unlike the two cases above, our neutron star candidate
exhibits some hard (> 2 keV) X-ray emission. There-
fore, it is possible that this source harbours an extended
PWN which is responsible for the hard X-ray compo-
nent detected in our analysis. By studying the exposure-
corrected hard (> 3 keV) X-ray image of the remnant
we find that this emission is concentrated around the
position of this neutron star candidate, and shows faint
extended emission that extends from the position of the
point source.
5.3. Particles accelerated by the shock-front?
5.3.1. IC Scattering or Non-thermal Bremsstrahlung?
Non-thermal X-ray emission in SNRs can arise from
three main sources of emisson: inverse Compton (IC)
scattering, non-thermal bremsstrahlung, or synchrotron
emission from shock accelerated particles. For energies
less than 10 keV and magnetic field between 5-500µG
which are typically found in SNRs, IC scattering is not
thought to be the dominant mechanism producing non-
thermal X-ray emission in SNRs (Vink 2012). Thus we
do not consider the case that IC scattering is responsible
for the observed power-law component.
Non-thermal bremsstrahlung arises from non-
relativistic electrons which lose their energy via
Coulomb interactions. This causes the thermalisation of
the low energy tail of electrons, producing a relatively
steep spectral index (Γ ∼ s−1 <1.5, where s is the index
of the electron population and Γ is the photon index)
for any non-thermal emission detected. However, Vink
(2008) determined that non-thermal bremsstrahlung
dominates for short ionisation timescales (net ∼ 1010
cm−3 s) and thus is only expected to be found in a
narrow region close to the shock front. For remnants like
G346.6–0.2, which have long ionisation timescales >1011
cm−3 s, the non-thermal bremsstrahlung component
is dominated by X-ray continuum, and/or synchrotron
X-ray emission (Vink 2008, 2012). As a consequence
it is expected that the non-thermal emission detected
in the soft X-ray band most likely arises from another
mechanism.
5.3.2. Synchrotron emission?
Another possible scenario is that the hard X-ray tail
arises from synchrotron radiation produced by a popu-
lation of electrons accelerated by the SNR shock front.
Non-thermal emission is usually detected in young (< 1
kyr) SNRs which have fast moving shocks with velocities
> 2000 km s−1 and magnetic fields between 50–250µG
(Aharonian & Atoyan 1999; Ballet 2006). Assuming that
the particle acceleration is limited by synchrotron loss,
the maximum energy of the underlying electron popula-
tion can be estimated using (Aharonian & Atoyan 1999;
Vink 2012):
Emax ∼ 32η− 12
(
B
100µG
)− 12 ( vs
5000 km s−1
)(χ− 14
χ2
) 1
2
TeV.(6)
Here B is the magnetic field, vs is the shock velocity, η
is the particle acceleration efficiency and χ is the com-
pression ratio. Under these conditions, young SNR can
accelerate electrons up to energies of 10−100 TeV (Vink
2012).
Older SNRs like MM SNRs usually have shock ve-
locities that are effectively too slow to accelerate the
electrons to the energies needed to produced X-ray syn-
chrotron emission, assuming a magnetic field of 10–100s
of µG. However, using VLA polarimetric observations
of the OH masers toward G346.6–0.2, Koralesky et al.
(1998) found a magnetic field of B = 1.7 mG for G346.6–
0.2 using Zeeman splitting. The lines inferred from
molecular line measurements are produced from shocks
being driven into cold, dense material. These condi-
tions do not necessarily represent the properties of the
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X-ray emitting region of the remnant, and thus the mag-
netic fields derived from these line measurements could
be much higher than what is found in the bulk of the
cloud material. As such, we take B = 1.7 mG as an up-
per limit to the magnetic field across the remnant. This
value implies that the shock velocity derived in Section
3.2 for G346−0.2 does not need to be as high as those
seen in other X-ray synchrotron SNRs (see Eq. 6).
From Equation 6 we can derive an upperlimit to the
maximum energy of the accelerated electrons. Assuming
the shock velocity derived in Section 3.2 and the mag-
netic field of G346.6−0.2 derived using Zeeman splitting,
the maximum energy of the underlying electron popu-
lation for G346.6−0.2 is Emax ∼ η−1/2((χ − 14 )/χ2)−1/2
TeV. This value is slightly lower than that of other X-ray
synchrotron emitting SNRs such as 5–12 TeV for Tycho
(Lopez et al. 2015) and 5 TeV (Lazendic et al. 2004) for
RX J1713.
As the non-thermal X-ray and radio emitting regions of
G346.6–0.2 are not correlated (see Figure 1), it is likely
that there are different electron populations producing
the radio and X-ray synchrotron emission. Thus, unlike
other studies such as Reynolds & Keohane (1999) which
assume that the radio and X-ray emission arises from
the same particle population, we are unable to fit the
global X-ray spectrum using the XSPEC model srcut to
characterise the underlying particle energy distribution.
However, even though we are unable to do this directly,
assuming that the particle acceleration is limited by syn-
chrotron loss, we can estimate an upperlimit to the rolloff
frequency hνrolloff of the underlying particle population
using (Reynolds & Keohane 1999):
hνrolloff ∼ 5× 1015
(
B
10µG
)(
Emax
10 TeV
)
keV (7)
Using the shock velocity inferred in Section 3.2 and
Emax derived in Equation 6, we estimate hνrolloff ∼
0.7η−1/2(χ− 14 )/χ2 keV. This is comparable to that de-
rived by Reynolds & Keohane (1999) for G346.6–0.6 us-
ing ASCA, as well as other SNRs with non-thermal X-ray
emission such as Tycho (e.g., Hwang et al. 2002).
In addition to the simple exercise above, we also in-
vestigated how hνcutoff and Emax of the electron pop-
ulation changes for different magnetic field values and
shock velocities. From Figure 7 one can see that as
vshock decreases for fixed B-field, both hνcutoff and Emax
decrease. Similarly, if we fix vshock, and decrease the
B-field, hνcutoff and Emax decrease. Currently, known
X-ray synchrotron emitting SNRs such as Tycho and
SN1006 have Emax ≥ 1 TeV. For vshock inferred in Sec-
tion 3.2, as B decreases Emax will still fall into the range
seen in other SNRs that show X-ray synchrotron emis-
sion. For a fixed B, vshock would have to fall below ∼ 400
km s−1 before Emax ≤ 1 TeV. As we are unable to di-
rectly determine the cut-off energy from modeling the
X-ray spectrum, and the VLA measured B = 1.7 mG
for G346.6–0.2 represents an upperlimit only, we suggest
that hνrolloff and Emax inferred from this study repre-
sents an upperlimit only. Further observations of this
remnant to search for X-ray synchrotron filaments (e.g.,
Vink & Laming 2003; Parizot et al. 2006) using Chan-
dra would allow us to constrain the magnetic field, while
NuSTAR observations will allow us to confirm and char-
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Figure 8. The unabsorbed non-thermal flux plotted against the
unabsorbed thermal flux of eight well known X-ray synchrotron
emitting SNRs as derived using the best fit models of their X-ray
emission as presented in the literature. Here the fluxes are derived
in the 0.5–7.0 keV energy band. For RX J1713, RCW 86 and Vela
Jr, we include the flux measurements derived from multiple regions
across the remnant. For G1.9+0.3, and Vela Jr whose emission is
significantly dominated by its non-thermal component, we set up-
per limits to their thermal X-ray emission by either following what
is suggested in the literature (for G1.9+0.3), or setting the flux
of their thermal emission equal to the flux of their corresponding
non-thermal component (for Vela Jr). Plotted as the magenta star
(?) is the unabsorbed thermal and non-thermal flux derived for
G346.6–0.2 in this study. Plotted as the black dashed line is when
the unabsorbed thermal and non-thermal fluxes are equal.
acterise the non-thermal emission of the remnant and
thus better constrain the properties of the underlying
particle population.
Compared to other X-ray synchrotron emitting SNRs
such as Cas A (Gotthelf et al. 2001; Maeda et al. 2009),
G1.9+0.3 (Borkowski et al. 2010), Kepler (Cassam-
Chena¨ı et al. 2004a), RCW 86 (Broersen et al. 2014;
Tsubone et al. 2016), RX J1713 (Lazendic et al. 2004;
Katsuda et al. 2015), SN 1006 (Uchida et al. 2013), Ty-
cho (Hwang et al. 2002; Eriksen et al. 2011), and Vela Jr
(Acero et al. 2013), we find that G346.6–0.2 exhibits a
thermal to non-thermal flux ratio that is nearly an order
of magnitude larger that what is seen for the other X-
ray synchrotron emitting SNRs (see Figure 8). This is in
contrasts to that X-ray synchrotron emitting SNRs listed
above which have a thermal to non-thermal flux ratio of
∼ 1. If arising from particle’s being accelerated by the
shock front of the remnant, one possible explanation for
the faintness of its non-thermal component compared to
its thermal component is the fact G346.6–0.2 is found
in a significantly denser environment compared to other
X-ray synchrotron SNRs. This could lead to significant
cooling that lowers the maximum energy of the underly-
ing electron population. As a result, fewer electrons can
produce the non-thermal emission, reducing the emissiv-
ity.
Compared with other MM SNRs, only W49B is known
to have shock velocities of the same order as G346.6–
0.2 (Keohane et al. 2007), but as of writing no syn-
chrotron emission has been detected from this remnant.
All other MM SNRs have velocities between 50–200 km
s−1 which are too slow to produce X-ray synchrotron
emission, consequently their X-ray emission is primarily
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thermal in nature20. Of the MM SNRs in which non-
thermal X-ray emission has been detected, such as W28
(Zhou et al. 2014), IC443 (Bocchino & Bykov 2001) and
W44 (Frail et al. 1996), this emission arises from non-
thermal bremsstrahlung or a PWN.
For SNRs found in dense environments, their shocks
are usually radiative (see e.g., Bykov 2002; Slane et al.
2015), which can produce a large compression ratio lead-
ing to a lower hνrolloff and Emax. However, even if the
compression ratio χ is three to four times higher than
that, hνrolloff can still easily fall within the X-ray emit-
ting band such that G346.6–0.2 could still possibly ac-
celerate particles to synchrotron emitting energies. In
addition, radiative shocks can also produce highly com-
pressed magnetic fields. This can lead to significant mag-
netic field amplification of ISM magnetic fields, as well
as enhanced cosmic-ray electron densities, which can re-
sult in strongly enhanced radio emission and to a lesser
extent enhanced X-ray synchrotron radiation (see e.g.,
Vink 2012 and references therein).
For the SNRs which have OH masers, a large fraction
of these are MM SNRs. OH masers are preferentially
located in regions of dense molecular material that have
recently been shocked, and the magnetic fields of the MM
SNRs with OH masers as derived from Zeeman splitting
range between 0.2 − 2.2 mG (e.g., Claussen et al. 1997;
Brogan et al. 2000, 2013). On average, this is much larger
than the magnetic fields found in shell type X-ray syn-
chrotron emitting SNRs which range from 10–100s µG
(Ballet 2006). The unique properties of G346.6–0.2 as
well as the possible combination of radiative shocks and
the presence of a dense environment might lead to the
production of X-ray synchrotron emission in this rem-
nant. If this power-law component is confirmed to arise
from particles being accelerated by the shock-front, this
would make G346.6–0.2 an important new object in the
class of synchrotron emitting SNRs. However, deep ob-
servations of this source are required to confirm the origin
of this component.
6. SEARCHING FOR A NEUTRON STAR CANDIDATE
As we discussed in Section 4.3, G346.6–0.2 is likely a
remnant of a CC SN. Detecting an associated pulsar or
PWN can directly confirm this scenario. The emission
from a neutron star with a PWN will be non-thermal in
nature and be best described by a power-law spectrum
with Γ ∼0.5–2.0 (see e.g., Gaensler & Slane 2006), while
for a young neutron star without a bright PWN, its emis-
sion can be described by a soft thermal component (see
e.g., Pavlov et al. 2002).
The current telescope configuration of this observation,
is not useful for a timing analysis to search for pulsations
20 We note that using Suzaku, Katsuda et al. (2009) were able to
fit the northwestern X-ray emission of MM SNR G156.2+5.7 using
an absorbed VNEI+VNEI+POWERLAW model. They concluded
that this power-law component arose from X-ray synchrotron emis-
sion from inefficient particle acceleration of a population of elec-
trons by a shock with a velocity of ∼ 500 km s−1. However, their
fits also imply that an VNEI+VNEI+NEI model is able to re-
produce the observed X-ray emission in this region equally well.
Uchida et al. (2012) reanalysed the Suzaku data and found that
the power-law component is more likely associated with the cos-
mic X-ray background. Thus a more detailed study of this object
would be required to confirm the presence (or lack) of X-ray syn-
chrotron emission from this remnant.
from a possible pulsar candidate. As a consequence, we
attempt to determine the nature of the point sources in
the field of view (see Figure 9) by searching for opti-
cal/IR counterparts in B2 and R2 USNO-B1 catalogues,
while extracting and modelling the X-ray emission from
each source using an extraction region with a radius of
15′′(see Table 3 and 4) centred on the position of the
source. For all sources, particularly those that do not
have an optical counterpart, we calculate the HR21 us-
ing (R2−10 − R0.2−2)/(R2−10 + R0.2−2), where R is the
count rate across either the 0.2 − 2.0 keV or 2.0 − 10.0
keV energy band (Misanovic et al. 2010). Sources with a
HR>0 are hard X-ray sources, which include objects such
as neutron star with a PWN, while those with HR<0 are
soft X-ray sources such as stars, thermal emission from
a SNR (ejecta clumps) or possibly a young neutron star
without an X-ray bright PWN.
Within the field of view, 11 out of the 25 sources
detected have no optical or IR counterparts. These
are good candidates for a pulsar or a PWN. Here
we define a circular radius centred at (α, δ) =
(17h10m17s,−40◦10′59′′) within which we would expect
to find an associated neutron star given a reasonable kick
velocity of ∼ 100 − 500 km s−1 (see e.g., Arzoumanian
et al. 2002; Hobbs et al. 2005). This corresponds to a ra-
dius of ∼ 0.2′ and 0.9′ assuming a neutron star velocity
of 100 km s−1 and 500 km s−1 respectively. Assum-
ing a neutron star velocity of 100 km s−1, none of the
sources we detect fall within this circular radius, while
only source 8 falls within the radius expected for a neu-
tron star travelling with a kick velocity of 500 km s−1.
Source 8 has no optical or IR counterparts and has
an HR of −0.2 indicating that the emission from this
source is relatively soft and possibly thermal in nature.
We were able to extract a spectrum from this source,
however due to the short exposure time of our obser-
vation the uncertainties in our fit parameters are quite
large. Regardless of this, we find that the emission from
Source 8 can be fit using an absorbed power-law with
a column density of NH = (3.4
+2
−1) × 1022 cm−2 and a
power-law index of Γ = 4.4+1−2. The former is consis-
tent with that of G346.6–0.2 (see Table 1), while within
uncertainties either a thermal and non-thermal model22
can easily fit the observed X-ray emission. Based on its
HR, it is possible that the emission from this source is
more thermal in nature and could potentially arise from
a young neutron star without a bright PWN. Assum-
ing that this point source is consistent with a neutron
star, we find that the 0.5–10 keV unabsorbed flux of this
source is ∼ 9× 10−14 erg cm−2 s−1, which corresponds to
an X-ray luminosity of ∼ 8 × 1032 erg s−1 at a distance
of 8.3 kpc. This is similar to the luminosities seen for
other X-ray pulsars and their nebulae (see Tables 2–3
in Kargaltsev & Pavlov 2008), making it not unreason-
able that this is a potential neutron star candidate. This
source is also coincident with the bright emission associ-
ated with region 5 (see Figure 3) and is consistent with
both the powerlaw index derived from modelling both
21 Due to the relatively shallow XMM observation presented in
this paper, a more detailed analysis of the point sources similar to
Anderson et al. (2014) is beyond the scope of this paper.
22 Due to limited statistics, a power-law model with a steep index
typically mimics emission arising from a thermal component.
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Figure 9. Point sources detected with a likelihood threshold of
30σ or more using edetect chain, overlaid on a 0.5–7 keV exposure
corrected PN image of G346.6–0.2 that has been smoothed with a
Gaussian of width 20′′. The sources are labeled 1–24 and their
properties are listed in Tables 3 and 4.
the emission from global and individual regions (Table
1). Making it possible that the powerlaw component we
observe arises from an extended PWN associated with
source 8. However, deeper observations of the remnant
using XMM-Newton and NuSTAR will allow us to dis-
entangle this contribution from the thermal emission of
the remnant.
Apart from a young thermally emitting neutron star,
this soft X-ray point source could also potentially arise
from clumps of ejecta. However due to the low number
of counts, we are unable to detect emission line repre-
sentative of ejecta emission. It is therefore difficult to
differentiate between these two cases, and deeper obser-
vations of this source, as well as a timing analysis would
be able to shed light on the nature of this source.
7. CONCLUSION
In this paper we present XMM-Newton observations
of the MM SNR G346.6–0.2. We perform imaging and
spectral analysis to characterise the properties of the
remnant. We find that the remnant shows bright cen-
tral emission fully enclosed by the radio shell, similar to
that of other MM SNRs. The X-ray emission is rela-
tively clumpy in nature, with the bulk of the soft X-rays
found towards the north of the remnant, while the emis-
sion overlapping the position of the OH masers is quite
hard in nature. As found in a previous Suzaku obser-
vation, we confirm that the X-ray spectrum of the SNR
is well described by a cold (0.21− 0.28 keV) recombining
thermal plasma with sub-solar abundances of Mg, Si and
S. But unlike some previous studies we also find that all
regions (except for region 2) require either an additional
power-law component with a photon index of ∼ 2, or a
thermal APEC component with a temperature of ∼ 2.0
keV.
We investigated the possible origin of this hard X-ray
tail and find that it either arises from the GRXE, an
unidenitified PWN, or synchrotron X-ray emission from
a population of electrons accelerated by the shock front.
If this emission results from the GRXE, it is likely this
hard X-ray tail arises from thermal CIE emission arising
from faint coronal X-ray sources (Yuasa et al. 2012) or
from the low temperature component of the GRXE (see
e.g., Uchiyama et al. 2013).
Based on its morphology, its Galactic latitude, the den-
sity of the surrounding environment and its association
with a dense molecular cloud, G346.6–0.2 most likely
arises from a massive progenitor that underwent CC. As
such it is possible that this hard X-ray trail arise from an
unidentified PWN. We performed a point source analysis
of the sources within the field of view of the detector in
an attempt to find a neutron star candidate. Defining
a circular radius for which we would expect to find an
associated neutron star given a reasonable kick velocity
of a few 100 km s−1, we find one source (Source 8) has no
optical or IR counterparts, a photon index and HR com-
parable to that of young neutron stars with a PWN and
a column density similar to the remnant. However, due
to the relatively short exposure time of the current XMM
observation, deeper observations of the source would be
needed confirm the origin of this point source.
Using the shock velocity we derived using the White
& Long (1991) model and using the magnetic field value
derived from Zeeman splitting measurements as an up-
perlimit to the magnetic field found within the remnant,
it is possible that this emission could also arise from syn-
chrotron X-ray emission from a population of electrons
being accelerated by the shock front. The unique prop-
erties of this source, in addition to the possible radiative
nature of its shock front and the presence of a dense en-
vironment could possibly aid in the production of X-ray
synchrotron emission from a remnant that one would not
expect to observe this type of emission. If confirmed, this
would make G346.6–0.2 an important new object in the
class of synchrotron emitting SNRs.
We thank the anonymous referee for their helpful
comments and suggestions that improved the quality
of the paper. This work was based on observations
obtained with XMM-Newton, an ESA science mission
with instruments and contributions directly funded by
ESA Member States and NASA.
Facilities: XMM (EPIC). Software: XMMSAS
REFERENCES
Acero, F., Gallant, Y., Ballet, J., Renaud, M., & Terrier, R. 2013,
A&A, 551, A7
Aharonian, F. A., & Atoyan, A. M. 1999, A&A, 351, 330
Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53,
197
Andersen, M., Rho, J., Reach, W. T., Hewitt, J. W., & Bernard,
J. P. 2011, ApJ, 742, 7
Anderson, G. E., Gaensler, B. M., Kaplan, D. L., et al. 2014,
ApJS, 212, 13
Arzoumanian, Z., Chernoff, D. F., & Cordes, J. M. 2002, ApJ,
568, 289
Aschenbach, B. 1998, Nature, 396, 141
Auchettl, K., Slane, P., Castro, D., Foster, A. R., & Smith, R. K.
2015, ApJ, 810, 43
Ballet, J. 2006, Advances in Space Research, 37, 1902
15
Bamba, A., Koyama, K., & Tomida, H. 2000, PASJ, 52, 1157
Bocchino, F., & Bykov, A. M. 2001, A&A, 376, 248
Borkowski, K. J., Reynolds, S. P., Green, D. A., et al. 2010, ApJ,
724, L161
Borkowski, K. J., Rho, J., Reynolds, S. P., & Dyer, K. K. 2001,
ApJ, 550, 334
Broersen, S., Chiotellis, A., Vink, J., & Bamba, A. 2014,
MNRAS, 441, 3040
Brogan, C. L., Frail, D. A., Goss, W. M., & Troland, T. H. 2000,
ApJ, 537, 875
Brogan, C. L., Goss, W. M., Hunter, T. R., et al. 2013, ApJ, 771,
91
Butt, Y. M., Torres, D. F., Combi, J. A., Dame, T., & Romero,
G. E. 2001, ApJ, 562, L167
Bykov, A. 2002, 34th COSPAR Scientific Assembly, 34
Cassam-Chena¨ı, G., Decourchelle, A., Ballet, J., et al. 2004a,
A&A, 414, 545
—. 2004b, A&A, 427, 199
Chen, Y., Su, Y., Slane, P. O., & Wang, Q. D. 2004, ApJ, 616, 885
Chevalier, R. A. 1977, ARA&A, 15, 175
Clark, D. H., Green, A. J., & Caswell, J. L. 1975, AJPAS, 75
Claussen, M. J., Frail, D. A., Goss, W. M., & Gaume, R. A. 1997,
ApJ, 489, 143
Claussen, M. J., Goss, W. M., Frail, D. A., & Seta, M. 1999, AJ,
117, 1387
Cox, D. P., Shelton, R. L., Maciejewski, W., et al. 1999, ApJ,
524, 179
Cui, W., & Cox, D. P. 1992, ApJ, 401, 206
Dubner, G. M., Moffett, D. A., Goss, W. M., & Winkler, P. F.
1993, AJ, 105, 2251
Dwarkadas, V. V. 2005, ApJ, 630, 892
Ebisawa, K., Tsujimoto, M., Paizis, A., et al. 2005, ApJ, 635, 214
Ergin, T., & Ercan, E. N. 2012, American Institute of Physics
Conference Series, 1505, 265
Eriksen, K. A., Hughes, J. P., Badenes, C., et al. 2011, ApJ, 728,
L28
Foster, A. R., Ji, L., Smith, R. K., & Brickhouse, N. S. 2012,
ApJ, 756, 128
Frail, D. A., Giacani, E. B., Goss, W. M., & Dubner, G. 1996,
ApJ, 464, L165
Gaensler, B. M., & Slane, P. O. 2006, ARA&A, 44, 17
Gaensler, B. M., Slane, P. O., Gotthelf, E. V., & Vasisht, G. 2001,
ApJ, 559, 963
Gelfand, J. D., Castro, D., Slane, P. O., et al. 2013, ApJ, 777, 148
Gotthelf, E. V., Koralesky, B., Rudnick, L., et al. 2001, ApJ, 552,
L39
Harrus, I. M., Hughes, J. P., Singh, K. P., Koyama, K., & Asaoka,
I. 1997, ApJ, 488, 781
Hewitt, J. W., Rho, J., Andersen, M., & Reach, W. T. 2009, ApJ,
694, 1266
Hobbs, G., Lorimer, D. R., Lyne, A. G., & Kramer, M. 2005,
MNRAS, 360, 974
Huang, Y.-L., & Thaddeus, P. 1985, ApJ, 295, L13
Hwang, U., Decourchelle, A., Holt, S. S., & Petre, R. 2002, ApJ,
581, 1101
Itoh, H. 1977, PASJ, 29, 813
Itoh, H., & Masai, K. 1989, MNRAS, 236, 885
Iwamoto, K., Brachwitz, F., Nomoto, K., et al. 1999, ApJS, 125,
439
Kaneda, H., Makishima, K., Yamauchi, S., et al. 1997, ApJ, 491,
638
Kargaltsev, O., & Pavlov, G. G. 2008, in American Institute of
Physics Conference Series, Vol. 983, 40 Years of Pulsars:
Millisecond Pulsars, Magnetars and More, ed. C. Bassa,
Z. Wang, A. Cumming, & V. M. Kaspi, 171–185
Katsuda, S., Petre, R., Hwang, U., et al. 2009, PASJ, 61, S155
Katsuda, S., Acero, F., Tominaga, N., et al. 2015, ApJ, 814, 29
Kawasaki, M., Ozaki, M., Nagase, F., Inoue, H., & Petre, R.
2005, ApJ, 631, 935
Kawasaki, M. T., Ozaki, M., Nagase, F., et al. 2002, ApJ, 572, 897
Keohane, J. W., Reach, W. T., Rho, J., & Jarrett, T. H. 2007,
ApJ, 654, 938
Koralesky, B., Frail, D. A., Goss, W. M., Claussen, M. J., &
Green, A. J. 1998, AJ, 116, 1323
Koyama, K., Kinugasa, K., Matsuzaki, K., et al. 1997, PASJ, 49,
L7
Koyama, K., Petre, R., Gotthelf, E. V., et al. 1995, Nature, 378,
255
Lazendic, J. S., & Slane, P. O. 2006, ApJ, 647, 350
Lazendic, J. S., Slane, P. O., Gaensler, B. M., et al. 2004, ApJ,
602, 271
Long, K. S., Blair, W. P., Matsui, Y., & White, R. L. 1991, ApJ,
373, 567
Lopez, L. A., Pearson, S., Ramirez-Ruiz, E., et al. 2013, ApJ,
777, 145
Lopez, L. A., Ramirez-Ruiz, E., Badenes, C., et al. 2009, ApJ,
706, L106
Lopez, L. A., Ramirez-Ruiz, E., Huppenkothen, D., Badenes, C.,
& Pooley, D. A. 2011, ApJ, 732, 114
Lopez, L. A., Grefenstette, B. W., Reynolds, S. P., et al. 2015,
ApJ, 814, 132
Lovchinsky, I., Slane, P., Gaensler, B. M., et al. 2011, ApJ, 731,
70
Maeda, Y., Uchiyama, Y., Bamba, A., et al. 2009, PASJ, 61, 1217
Misanovic, Z., Kargaltsev, O., & Pavlov, G. G. 2010, ApJ, 725,
931
Monet, D. G., Levine, S. E., Canzian, B., et al. 2003, AJ, 125, 984
Nobukawa, M., Uchiyama, H., Nobukawa, K. K., Yamauchi, S., &
Koyama, K. 2016, ApJ, 833, 268
Olive, K. A., & Particle Data Group. 2014, Chinese Physics C,
38, 090001
Ozawa, M., Koyama, K., Yamaguchi, H., Masai, K., &
Tamagawa, T. 2009, ApJ, 706, L71
Pannuti, T. G., Rho, J., Heinke, C. O., & Moffitt, W. P. 2014,
AJ, 147, 55
Parizot, E., Marcowith, A., Ballet, J., & Gallant, Y. A. 2006,
A&A, 453, 387
Pavlov, G. G., & Luna, G. J. M. 2009, ApJ, 703, 910
Pavlov, G. G., Zavlin, V. E., & Sanwal, D. 2002, in Neutron
Stars, Pulsars, and Supernova Remnants, ed. W. Becker,
H. Lesch, & J. Tru¨mper, 273
Petruk, O. 2001, A&A, 371, 267
Reach, W. T., Rho, J., Tappe, A., et al. 2006, AJ, 131, 1479
Revnivtsev, M., Sazonov, S., Churazov, E., et al. 2009, Nature,
458, 1142
Reynolds, S. P., & Keohane, J. W. 1999, ApJ, 525, 368
Rho, J., & Petre, R. 1998, ApJ, 503, L167
Rosen, S. R., Webb, N. A., Watson, M. G., et al. 2016, A&A, 590,
A1
Ryu, S. G., Koyama, K., Nobukawa, M., Fukuoka, R., & Tsuru,
T. G. 2009, PASJ, 61, 751
Safi-Harb, S., Petre, R., Arnaud, K. A., et al. 2000, ApJ, 545, 922
Sedov, L. I. 1959, Similarity and Dimensional Methods in
Mechanics
Sezer, A., Go¨k, F., Hudaverdi, M., Kimura, M., & Ercan, E. N.
2011, MNRAS, 415, 301
Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131,
1163
Slane, P., Bykov, A., Ellison, D. C., Dubner, G., & Castro, D.
2015, Space Sci. Rev., 188, 187
Slane, P., Gaensler, B. M., Dame, T. M., et al. 1999, ApJ, 525,
357
Slane, P., Hughes, J. P., Edgar, R. J., et al. 2001, ApJ, 548, 814
Slane, P., Smith, R. K., Hughes, J. P., & Petre, R. 2002, ApJ,
564, 284
Smith, R. K., Brickhouse, N. S., Liedahl, D. A., & Raymond,
J. C. 2001, ApJ, 556, L91
Smith, R. K., & Hughes, J. P. 2010, ApJ, 718, 583
Spitzer, L. 1962, Physics of Fully Ionized Gases (New York:
Interscience)
Taylor, G. 1950, Proceedings of the Royal Society of London
Series A, 201, 159
Truelove, J. K., & McKee, C. F. 1999, ApJS, 120, 299
—. 2000, ApJS, 128, 403
Tsubone, Y., Sawada, M., Bamba, A., Katsuda, S., & Vink, J.
2016, ApJ, in press, arXiv:1612.01221
Uchida, H., Tsunemi, H., Katsuda, S., et al. 2012, PASJ, 64
Uchida, H., Yamaguchi, H., & Koyama, K. 2013, ApJ, 771, 56
Uchiyama, H., Nobukawa, M., Tsuru, T. G., & Koyama, K. 2013,
PASJ, 65, 19
Vink, J. 2008, A&A, 486, 837
—. 2012, A&A Rev., 20, 49
Vink, J., & Laming, J. M. 2003, ApJ, 584, 758
16
Table 1
Best-fit Parameters for the Global Spectrum and Individual Regions Using an Absorbed VRNEI+POWERLAW Model.
Region NH kT kTinit Mg Si S τ=net Fvrnei
b,c Γ Fpwl
b,c χ2ν (dof)
(1022 cm−2) (keV) (keV) (1011 cm−3 s)
Global 3.1+0.1−0.2 0.26± 0.02 6+4−1 0.38± 0.1 0.73± 0.1 0.60± 0.01 5.4± 0.7 11± 2 2.0+0.7−0.9 3.3± 2 0.99 (922)
1 3.3± 0.2 0.23± 0.02 6a 0.12± 0.1 0.46± 0.07 0.38+0.09−0.07 5.3+0.8−0.6 5.4+0.5−1.0 1.8+1.0−1.1 1.6+5−2 1.04 (651)
2 2.9± 0.2 0.24± 0.02 6a 0.17± 0.1 0.63+0.09−0.08 0.50+0.08−0.07 3.8± 0.5 9.4± 0.03 · · · · · · 0.99 (710)
3 2.0± 0.3 0.21± 0.04 6a · · · · · · · · · 4.0+0.8−1.1 5.3± 2 1.0+1.1−0.8 3.7+6−5 1.01 (836)
4 3.4± 0.2 0.26± 0.02 6a 0.23± 0.14 0.56+0.09−0.08 0.51+0.07−0.09 5.3+0.7−0.6 12+2−5 1.5+0.9−1.2 4.0+7−2 1.03 (973)
5 2.8+0.2−0.3 0.24± 0.04 6a 0.29± 0.2 · · · 0.54+0.2−0.1 4.3+0.9−0.4 5.7+2−1 2.5+0.4−1.2 3.5+3−2 1.04 (585)
6 2.9+0.2−0.3 0.28± 0.03 6a 0.42± 0.2 · · · · · · 5.4± 0.8 5.8+2−1 2.1+0.4−0.8 4.1± 3 1.03 (621)
Note. — All uncertainties correspond to 90% confidence level.
a We fix kTinit for all individual regions at the global best-fit value.
b Absorbed X-ray fluxes in the 0.5–7 keV energy range.
c Flux units: 10−13 erg cm−2 s−1
Table 2
Best-fit Parameters for the Global Spectrum and Individual Regions Using an Absorbed VRNEI+APEC Model.
Region NH kT kTinit Mg Si S τ=net Fvrnei
b,c kTapec Fapecb,c χ2ν (dof)
(1022 cm−2) (keV) (keV) (1011 cm−3 s)
Global 3.0± 0.2 0.24± 0.02 6+9−2 0.34± 0.1 0.68± 0.1 0.49± 0.1 5.3± 0.6 8.8± 0.05 1.9+0.6−0.3 5.2± 0.3 0.96 (899)
1 3.3± 0.2 0.23± 0.02 6a 0.08+0.10−0.04 0.45± 0.1 0.36± 0.1 5.8± 1 5.0+0.2−0.6 2.4± 0.4 2.3± 0.2 1.06 (651)
2 2.9± 0.2 0.24± 0.02 6a 0.17± 0.1 0.63+0.09−0.08 0.50+0.08−0.07 3.8± 0.5 9.4± 0.03 · · · · · · 0.99 (710)
3 2.00± 0.2 0.21± 0.03 6a · · · · · · · · · 4.0+0.8−1.1 4.5+0.8−0.2 2.5+10−0.7 3.6± 0.3 1.03 (826)
4 3.5± 0.2 0.22± 0.2 6a 0.22± 0.2 0.54± 0.1 0.50± 0.1 6.0+0.7−0.6 8.8+0.3−0.5 1.7± 0.2 5.2± 0.2 1.02 (969)
5 2.7± 0.2 0.24± 0.03 6a 0.28± 0.2 · · · 0.57± 0.1 4.3± 0.6 5.6+0.3−0.7 2.3−0.5+6.0 2.8± 0.1 1.04 (585)
6 2.9+0.2−0.3 0.28± 0.03 6a 0.43± 0.2 · · · · · · 5.8± 0.9 5.3−0.8+1.4 3.4+6.0−1.1 3.8± 0.1 1.03 (621)
Note. — All uncertainties correspond to 90% confidence level.
a We fix kTinit for all individual regions at the global best-fit value.
b Absorbed X-ray fluxes in the 0.5–7 keV energy range.
c Flux units: 10−13 erg cm−2 s−1
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Table 3
Position of the optical/UV/X-ray counterparts found within 3σ of the X-ray sources in the field
of view.
Src R.A. Dec. Positional UNSO-B1a 2MASSa 3XMM
Uncert. (′′)
1 17:10:52.32 −40:02:35.52 0.5 · · · · · · · · ·
2 17:10:37.44 −40:05:31.56 0.5 · · · · · · J171037.4−400531
3 17:10:17.76 −40:06:12.24 0.4 · · · · · · · · ·
4 17:10:00.24 −40:07:13.08 0.8 0498−0501194 17100036−4007137 J171000.4−400714
5 17:10:18.00 −40:08:20.40 3.0 0498−0501600 17101812−4008233 · · ·
6 17:10:22.80 −40:08:47.40 0.5 0498−0501699 17102280−4008484 J171022.8−400847
7 17:10:11.52 −40:09:55.08 1.0 · · · · · · · · ·
8 17:10:14.88 −40:11:31.20 1.5 · · · · · · · · ·
9 17:09:43.44 −40:13:18.12 0.6 0497−0499796 17094361−4013188 J170943.6−401318
10 17:09:33.84 −40:17:40.92 0.6 0497−0499624 17093387−4017406 J170933.8−401740
11 17:10:08.64 −40:20:27.60 1.5 · · · · · · J171008.7−402027
12 17:11:07.68 −40:14:13.20 1.8 · · · · · · J171107.9−401414
13 17:10:56.88 −40:12:16.92 1.0 0497−0501494 17105706−4012172 J171057.0−401217
14 17:11:01.20 −40:14:57.84 1.0 · · · · · · J171101.2−401457
15 17:10:56.88 −40:20:03.84 1.2 · · · · · · J171057.0−402002
16 17:10:10.56 −40:22:21.00 5.1 · · · 17101009−4022164 J171010.7−402210
17 17:09:49.92 −40:20:22.20 4.1 · · · 17094990−4020205 · · ·
18 17:10:33.36 −40:13:08.40 4.0 0497−0500904 17103301−4013134 J171033.4−401318
19 17:10:13.20 −40:13:49.08 1.8 · · · 17101317−4013527 · · ·
20 17:10:23.76 −40:12:19.08 3.3 0497−0500702 17102375−4012188 · · ·
21 17:10:29.28 −40:03:51.12 1.2 0499−0506406 17102939−4003507 J171029.4−400350
22 17:10:21.60 −39:59:49.20 1.2 · · · · · · J171021.6−395950
23 17:09:42.48 −39:58:44.04 1.0 0500−0505315 17094245−3958433 J170942.4−395845
24 17:10:22.56 −40:07:38.28 4.0 0498−0501684 17102235−4007330 J171022.7−400733
25 17:10:39.360 −40:12:16.92 0.9 · · · · · · J171039.4−401216
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Table 4
Properties of the X-ray Point Sources in the Field of View Detected with a Likelihood
Threshold of 30σ.
Src R0.2−2a R2−10b Hardness NH Γ χ2ν (dof) FXd
(10−3 cnt s−1) (10−3 cnt s−1) Ratioc (1022 cm−2) (10−14 erg cm−2 s−1)
1 3.0± 0.4 3.7± 0.5 0.1 1.3+0.9−0.6 2.2+0.8−0.6 0.8 (14) 5.4+0.4−1
2 4.3± 0.5 1.7± 0.3 0.5 0.5+2−0.4 0.6+0.7−0.4 1.2 (14) 3.4+0.2−0.9
3 0.9± 0.3 7.4± 0.6 0.8 1.6+3−2 0.2+0.6−0.5 1.1 (21) 3.5± 0.3
4 3.3± 0.4 0.5± 0.3 −0.7 0.4+0.6−0.4 3.1+2−1 1.0 (9) 1.3+0.1−0.1
5 2.2± 0.4 0.8± 0.3 −0.5 4.0+4−2 6.3± 3 2.5 (8) 0.9± 0.5
6 7.2± 0.6 0.6± 0.3 −0.9 0.01e 2.5+0.4−0.3 1.0 (19) 2.5± 0.2
7 3.1± 0.4 0.7± 0.3 −0.6 2.3± 2 4.9+4−3 1.9 (8) 1.4± 0.7
8 3.7± 0.4 2.4± 0.4 −0.2 3.4+2−1 4.4+1−2 0.8 (15) 2.7± 0.3
9 4.8± 0.5 0.0± 0.2 −1.0 1.0+0.5−0.7 8.0± 3 0.9 (10) 1.8± 0.4
10 3.1± 0.4 0.0± 0.2 −1.0 0.3+1−0.3 5.5± 2 1.34 (6) 2.7± 1
11 0.0± 0.2 0.0± 0.2 0.0 · · · · · · · · · · · ·
12 0.4± 0.2 1.5± 0.3 0.6 1.8+7−1.8 1.2+2−1 0.8 (6) 1.8± 0.6
13 2.0± 0.3 0.4± 0.3 −0.7 1.9+3−1.8 5.0+3−2 1.4 (5) 0.9± 0.2
14 0± 0.2 1.9± 0.4 1.0 3.2+9−3 0.7+2−1 0.4 (6) 1.8± 0.5
15 0.3± 0.2 0.9± 0.3 0.6 2.1+12−2 1.8+4−1 0.2 (4) 2.2± 0.8
16 0.0± 0.1 0.2± 0.3 1.0 · · · · · · · · · · · ·
17 0.0± 0.2 0.2± 0.3 1.0 · · · · · · · · · · · ·
18 0.8± 0.3 1.5± 0.3 0.3 0.6+4−0.6 1.9+2−0.8 1.5 (6) 1.1± 0.4
19 1.4± 0.3 1.0± 0.3 −0.2 3.3+5−2 3.8+3−2 1.0 (6) 1.3± 0.3
20 2.5± 0.4 1.6± 0.4 −0.2 0.8+1−0.7 1.8+0.9−0.7 1.5 (11) 2.1± 0.3
21 1.2± 0.3 0.0± 0.2 −1.0 1.5+0.8−0.9 10+1−6 1.5 (3) 0.4± 1.1
22 0.7± 0.3 0.5± 0.3 −0.2 0.01e 1.4+2−1 0.5 (4) 1.6± 0.1
23 1.2± 0.3 0.4± 0.3 −0.5 1.6+0.5−0.6 10+1−6 1.6 (2) 0.9± 0.2
24 2.0± 0.3 1.1± 0.3 −0.3 2.5+3−2 3.6+3−2 0.3 (6) 1.6± 0.5
25 0.4± 0.3 3.5± 0.5 0.80 20+15−18 3.5+4−3 1.3 (9) 2.0± 0.7
Note. — A TBABS*POWERLAW model was used to model the X-ray emission from these
sources. All uncertainties are at the 90% confidence level. The lower uncertainty for a number
of these sources were unconstrained due to the low number of counts, thus the lower uncertainty
for their fluxes is zero.
a Count rate in 0.2–2 keV band derived from filtered PN data.
b Count rate in 2–10 keV band derived from filtered PN data.
c Hardness ratio defined as HR= (R2−10 −R0.2−2)/(R2−10 +R0.2−2), where R is the count rate.
Sources with HR < 0 and > 0 are classified as soft and hard X-ray sources, respectively.
d Absorbed flux in the 0.5–5.0 keV energy band.
e NH for these sources are ∼ 1020 cm−2. We therefore fixed NH at 0.01× 1022 cm−2
